Abstract Tricuspid annular plane systolic excursion (TAPSE) reflects longitudinal myocardial shortening, the main component of right ventricular (RV) contraction in normal hearts. To date, TAPSE has not been extensively studied in patients with hypoplastic left heart syndrome (HLHS) and systemic RVs after Fontan palliation. This retrospective study investigated HLHS patients after Fontan with cardiac magnetic resonance (CMR) performed between 1 January 2010 and 1 August 2012 and transthoracic echocardiogram (TTE) performed within 6 months of CMR. The maximal apical displacement of the lateral tricuspid valve annulus was measured on CMR (using four-chamber cine images) and on TTE (using two-dimensional apical views). To create TTE-TAPSE z-scores, published reference data were used. Intra-and interobserver variability was tested with analysis of variance. Inter-technique agreement of TTE and CMR was tested with Bland-Altman analysis. In this study, 30 CMRs and TTEs from 29 patients were analyzed. The age at CMR was 14.1 ± 7.1 years, performed 11.9 ± 7.8 years after Fontan. For CMR-TAPSE, the intraclass correlation coefficients for inter-and intraobserver variability were 0.89 and 0.91, respectively. The TAPSE measurements were 0.57 ± 0.2 cm on CMR and 0.70 ± 0.2 cm on TTE (TTE-TAPSE z score, -8.7 ± 1.0). The mean difference in TAPSE between CMR and TTE was -0.13 cm [95 % confidence interval (CI) -0.21 to -0.05], with 95 % limits of agreement (-0.55 to 0.29 cm). The study showed no association between CMR-TAPSE and RVEF (R = 0.08; p = 0.67). In patients with HLHS after Fontan, TAPSE is reproducible on CMR and TTE, with good agreement between the two imaging methods. Diminished TAPSE suggests impaired longitudinal shortening in the systemic RV. However, TAPSE is not a surrogate for RVEF in this study population.
Introduction
Patients with hypoplastic left heart syndrome (HLHS) require serial evaluation of right ventricular (RV) performance after the Fontan operation. Echocardiographic evaluation of RV systolic function is challenging due to the complex RV geometry, which does not allow for simple assessment of systolic function, as does that of the left ventricle [27] .
The tricuspid annular plane systolic excursion (TAPSE) is an easily obtained, validated measure of RV longitudinal shortening [6] , the main component of RV contraction in the normal heart [2] . Physiologically, TAPSE is defined by the excursion of the tricuspid valve annulus toward the RV apex in systole. Decreased TAPSE, indicating diminished RV function, has been associated with poor prognosis in adults with pulmonary hypertension [5, 26] and congestive heart failure [5] .
Pediatric reference values for TAPSE have been established [13] , and decreased TAPSE has been demonstrated in a few congenital heart disease states with two normally developed ventricles [14] . In addition, decreased TAPSE in patients with systemic RVs after atrial redirection procedures for transposition of the great arteries has been described [7, 8] . However there are limited reports of TAPSE in patients with single, systemic RVs [9, 21] , for whom a refined, noninvasive assessment of RV function on transthoracic echocardiogram (TTE) is of fundamental importance.
Cardiac magnetic resonance (CMR), the gold standard imaging test for quantitative assessment of RV systolic performance, has been increasingly used to assess RV ejection fraction (RVEF) in HLHS patients after Fontan. However, TTE is largely used in the routine assessment of RV function after staged palliation. Both TTE-TAPSE [10, 15, 16] and CMR-TAPSE [3, 19, 20, 28] are associated with RVEF in some populations with acquired and congenital heart disease.
To our knowledge, no studies have explored the relationship between TAPSE and RVEF in patients with HLHS after Fontan palliation. Therefore, this study aimed to determine the reliability of TAPSE measurements on TTE and CMR, to compare the TAPSE values obtained by those two methods, and to determine the association of TAPSE with other CMR-derived measures of RV function in patients with HLHS after Fontan palliation.
Materials and Methods

Patient Population
Patients with HLHS after Fontan palliation who underwent CMR at The Children's Hospital of Philadelphia (CHOP) between 1 January 2010 and 1 August 2012 were retrospectively reviewed. Patients were excluded from the study if their CMR lacked a four-chamber cine (to measure CMR-TAPSE) or a complete stack of short-axis cines (to measure RVEF). Patients also were excluded if they underwent tricuspid valvuloplasty or tricuspid valve replacement at any stage of palliation.
To minimize the possibility of time-related hemodynamic changes, cases were cross-referenced with the TTE database to identify those with available TTEs within 6 months of CMR. The electronic medical record was reviewed for demographic information and clinical variables of interest. This study was approved by the CHOP Institutional Review Board for human research.
TTE Protocol
The echocardiograms were performed on a Phillips IE33 machine (Phillips, Andover, MA, USA). The images were acquired using CHOP's standard imaging protocol. We used 5-or 8-MHz transducers according to the patient's size and acoustic windows.
Although TAPSE was originally described as twodimensional displacement of the tricuspid annulus, it currently is more commonly measured using M-mode echocardiography, with the cursor placed through the tricuspid annulus to measure the amount of longitudinal motion of the annulus at peak systole [12, 13, 17] . Because M-mode was not available in this study population, we performed offline TAPSE measurements using two-dimensional apical views. We identified the lateral annulus of the tricuspid valve and measured the distance to the apex of the screen sector at end-diastole and end-systole. We then calculated TAPSE as the difference in distance from end-diastole to end-systole.
Electrocardiography was used to determine the phase of the cardiac cycle accurately. This technique was shown to be similar to measurement of the distance by M-mode [18] . Three TTE-TAPSE measurements were averaged for each patient. The TTE-TAPSE values were converted to zscores using published reference data [13] .
CMR Protocol
In this study, CMR studies were performed on a 1.5T Avanto Magnetic Resonance Imaging scanner (Siemens Medical Solutions, Erlangen, Germany) with a six-channel phased-array body coil using a standard imaging protocol. Sedation was used when appropriate according to patient age and ability to lie still for the scan.
The CMR protocol included a contiguous, axial stack of steady-state free-precession images followed by cine steady-state free-precession images in the four-chamber view and a complete stack of short-axis cines. The CMR-TAPSE was measured from the four-chamber cine sequence as the maximum apical displacement of the lateral tricuspid valve annulus from end-diastole to endsystole.
The RV end-diastolic and end-systolic volumes were measured from the short-axis stack of cine images and indexed to body surface area. The RV stroke volume was calculated by subtracting the end-systolic volume from the end-diastolic volume. The RV stroke volume then was divided by the RV end-diastolic volume to derive RVEF, defined as abnormal if it was lower than 50 % [24, 25] .
Inter-and Intraobserver Variability
In this study, 10 randomly selected nonstudy patients were chosen for TAPSE ''training.'' Interobserver variability was assessed for both TTE and CMR-TAPSE in these nonstudy patients by two well-trained observers using repeated measurements. The two observers had different levels of training in TTE and CMR. For TTE-TAPSE, observer 1 was a pediatric cardiology fellow (C.A.), and observer 2 was a pediatric echocardiography attending (L.M.-R.). For CMR-TAPSE, observer 1 was the same pediatric cardiology fellow, and observer 2 was a pediatric CMR attending (K.K.W.). The observers were blinded to the measurements of each other and to clinical information.
Intraobserver variability for TTE-TAPSE was assessed by repeating measurements in the same 10 nonstudy patients 3 weeks after the first measurement. Intraobserver variability for CMR-TAPSE was assessed by repeating the 30 CMR measurements 3 months after the first measurement.
Statistical Analysis
Continuous variables were reported as mean ± standard deviation or as median (interquartile range) as appropriate for the distribution. Categorical variables were expressed as frequencies. Differences in continuous variables were detected by two-tailed, unpaired Student's t tests. The associations between TAPSE and CMR-derived measures of RV function or other pertinent covariates were determined with Pearson's correlation coefficients. Multivariable linear regression was used to assess the association of TAPSE (independent variable) with CMR, TTE, and clinical parameters of interest (dependent variables).
The reliability of TTE-and CMR-TAPSE was assessed using intraclass correlation coefficient estimates. Intertechnique agreement of TTE and CMR was assessed with Bland-Altman analysis. All data analyses were performed using Stata version 11.2 (StataCorp LP, College Station, TX, USA). Statistical significance was defined as a p value lower than 0.05.
Results
During this study, 29 patients (67 % male, 87 % Caucasian) met the inclusion criteria and underwent 30 CMRs. The age at CMR was 14.1 ± 7.1 years, performed 11.9 ± 7.8 years after Fontan. Other patient characteristics are described in Table 1 . The CMRs and TTEs were performed 2.3 ± 1.7 months apart.
Separate from the 29 included patients, 10 additional HLHS patients with Fontan circulation underwent CMR and TTE during the study period. These 10 patients were excluded from the study due to insufficient CMR images (n = 8) or a history of tricuspid valve intervention (n = 2). The included and excluded patients did not differ in terms of, race, anatomic subtype, distribution of sex, Fontan type, fenestration status, or age at Fontan. The excluded patients were younger (6.9 ± 3.2 years) than the included patients (p = 0.004), with fewer years since Fontan (4.3 ± 4.1 years; p = 0.005). However, 6 of the 10 excluded patients underwent CMR as part of a research protocol that did not include the full short-axis volume set necessary for calculation of RVEF. The study recruited younger patients, earlier in the course of staged palliation.
The intraclass correlation coefficients (ICC) for interand intraobserver variability were respectively 0.89 (95 % CI 0.74-1.00) and 0.91 (95 % CI 0.84-0.97) for CMR-TAPSE and 0.94 (95 % CI 0.88-1.00) and 0.99 (95 % CI 0.98-1.00) for TTE-TAPSE ( Table 2 ). The CMR-TAPSE measurement was slightly lower than the TTE-TAPSE measurement (0.57 ± 0.2 vs. 0.70 ± 0.2 cm, respectively) ( Table 3 ). The two measurements were moderately correlated (R = 0.46; p = 0.01). The mean difference in TAPSE between CMR and TTE was -0.13 cm (95 % CI -0.21 to -0.05), with 95 % limits of agreement of -0.5 to 0.28 ( Fig. 1) . On TTE, the TAPSE z-scores were decreased in all the study subjects (z score -8.7 ± 1.0; range -10 to -5.7). On CMR, RV function was preserved overall with an RVEF of 55 % ± 13 %. However 27 % of the patients (n = 8) had an RVEF lower than 50 %.
Tricuspid regurgitation was assessed in 15 subjects (50 %), 4 of whom had more than mild regurgitation (regurgitant fraction [20 %) ( Table 2) . One patient had a tricuspid regurgitant fraction of 97 % and severely diminished RV function (RVEF 27 %) in the setting of tricuspid valve dysplasia. Tricuspid regurgitation was not associated with RVEF in the group overall (p = 0.16).
No association between TTE-TAPSE and RVEF (p = 0.83) or between TTE-TAPSE z-score and RVEF (p = 0.83) was observed. In addition, no differences in TTE-TAPSE z-score, TTE-TAPSE, or CMR-TAPSE were found between the patients with normal and those with abnormal RV function measured by CMR (p = 0.46, 0.56, and 0.66, respectively). The findings showed no association of CMR-TAPSE with the cardiac index (R = 0.01; p = 0.95) or the RVEF (R = 0.08; p = 0.67).
Discussion
This study demonstrated the reliability of TAPSE on TTE and CMR and compared the values obtained by the two methods in patients with HLHS after Fontan palliation. We have shown that TAPSE measurements are reproducible on TTE and CMR. Inter-and intraobserver variability is low, and measurement consistency is comparable with or exceeds that reported in other studies [3, 20, 28] . Some of the interobserver variability may be explained by observer experience, similar to the findings of Caudron et al. [3] . However, the intraobserver agreement is excellent and therefore not affected by observer experience. We found good agreement between the two imaging methods, similar to the published comparisons of TTE-and CMR-TAPSE [19, 28] .
We demonstrated severely diminished TAPSE values in patients with HLHS after Fontan compared with established reference values [13] . A mean TTE-TAPSE z-score of -8.7 reflected marked differences in tricuspid valve systolic excursion between the Fontan patients and the healthy children and adolescents. The average TAPSE values of 0.5-0.7 cm in this population were less than the neonatal reference mean of 0.91 cm (z-score ± 3; range 0.56-1.26 cm) [13] .
Our findings are comparable with those reported in limited studies investigating TAPSE in single-ventricle patients. Kasnar-Samprec et al. [9] demonstrated abnormally low TAPSE in patients with HLHS preceding the bidirectional superior cavopulmonary connection (stage 2 palliation). These authors reported median pre-stage 2 TAPSE values of about 60 % expected for patient age. Petko et al. [21] reported a mean TTE-TAPSE of 0.8 ± 0.2 cm for 20 patients (age 7.4 ± 2.6 years) with HLHS after Fontan. This is markedly less than the mean reference value of 1.94 cm (zscore ± 3; range 1.49-2.39 cm) for a healthy 7-year-old [13] and comparable with our findings in Fontan patients.
In our study population, no association between TAPSE and RVEF was found. This is in contrast to healthy adults and adults with acquired heart disease, whose TAPSE is an indicator of RV function and strongly correlated with RVEF [3, 20, 28] . In this small population of patients with systemic RVs after Fontan, TAPSE is markedly decreased, whereas RVEF is preserved overall (55 ± 13 %). Additionally, the TAPSE z-score distribution shows little variability, with abnormal values seen uniformly across the entire cohort. No difference in TAPSE exists between the patients with normal and those with abnormal RVEF. In this study, TAPSE was not a good discriminator for abnormal global RV function. Preserved RVEF despite diminished longitudinal shortening suggests that global function of the systemic RV may be more dependent on radial or circumferential contraction. Studies of HLHS patients at other stages of palliation support the notion that the systemic RV adopts a circumferential contraction pattern, similar to the systemic left ventricle [11, 22] . Similarly, patients with d-transposition of the great arteries and systemic RVs after atrial redirection procedures (Mustard/Senning operations) also demonstrate a predominance of circumferential strain over longitudinal strain on speckle-tracking echocardiography of the RV [1, 7, 8, 23] . Values of TAPSE are diminished in this population as well and correlate poorly with RVEF [4, 8] .
The aforementioned studies complement our findings that TAPSE may not be a useful assessment of global ventricular function in populations with systemic RVs because systemic RV shortening may be quite different from that of the subpulmonary RV. Future studies may investigate the correlation between TAPSE and RV strain in patients with systemic RVs after Fontan or atrial redirection procedures.
Study Limitations
This study was limited by its retrospective, cross-sectional design. Some potential subjects were excluded from the study due to lack of existing images from which to measure TAPSE or RVEF. We measured TTE-TAPSE ''offline'' from the apical four-chamber two-dimensional view because M-mode TAPSE was not yet part of our laboratory's standard echocardiography protocol when the images were obtained. However, as we have previously shown, the TAPSE values obtained by the two TTE methods show minimal difference [18] . Given the cross-sectional design of the study, it is unknown whether TAPSE changes with the stages of single-ventricle palliation and whether decreased TAPSE has prognostic implications. Finally, our small sample size prevented analysis of the data according to anatomic subtype or surgical history. Differences in TAPSE among subtypes of HLHS due to right ventricleleft ventricle interaction may exist in patients with a more substantial left-ventricle cavity.
In summary, in patients with HLHS after Fontan, TAPSE is reproducible on TTE and CMR, with good agreement between the two methods. Diminished TAPSE values in this study population suggest impaired longitudinal shortening with a change in the contraction pattern of the systemic RV. Although TAPSE does not reflect global RV function after Fontan, it may have utility at other stages of single-ventricle palliation or in longitudinal Fontan patient follow-up assessment. Further studies are needed to investigate the use of TAPSE in patients with HLHS.
